I. INTRODUCTION
Single-molecule magnets, SMM's, consisting of a monodisperse array of transition-metal ions bound by organic ligands, have been of high theoretical and experimental interest lately due to their unique magnetic properties, such as the ability of a single molecule to exhibit magnetic hysteresis. 1, 2 This unique domain effect of a single molecule may potentially lead to the development of the ultimate high-density magnetic memory devices 1, 2 and quantum computation. 3 The most thoroughly characterized SMM's are ͓Mn 12 O 12 (O 2 CMe) 16 3 (py) 3 ͔ ͑pyϭpyridine, C 2 H 5 N) family (Mn 4 ), 6, 7 all exhibiting the unique property of macroscopic quantum tunneling ͑MQT͒ which manifests itself in the temperature independence of the magnetic relaxation data, and as quantized steps in the magnetic hysteresis loops. [8] [9] [10] [11] It should also be mentioned that pure quantum tunneling in Mn 12 -acetate was first observed by Bokacheva et al. 12 Wernsdorfer et al. 13 have reported studies on a related class of SMM's consisting of dimeric units, which exhibit a new behavior in the quantized steps: the absence of a step at zero field. The first member of this series to be studied was ͓Mn 4 O 3 Cl 4 (O 2 CEt) 3 (py) 3 ͔ 2 (Etϭethyl, C 2 H 5 ; py ϭpyridine, C 5 H 5 N), abbreviated ͓Mn 4 ͔ 2 , whose structure is shown in Fig. 1 . This was quite a significant development because the presence of a step at zero magnetic field implies that such a compound will always need a magnetic field to control the leakage of magnetization, and hence to prevent the loss of stored information from such a memory element. With this lack of a step at zero field, the dimerized ͓Mn 4 ͔ 2 compound alleviates potential memory loss problems which would be present in all previously characterized SMM's.
Very recently Hill et al.
14 have demonstrated quantum coherence in the same system, which opens new avenues for quantum computation.
The ͓Mn 4 ͔ 2 system consists of dimerized cubane structures, which are well isolated from neighboring pairs. Each of the cubanes contains three Mn 3ϩ (Sϭ2) and one Mn 4ϩ (Sϭ3/2) joined together by three oxygens and one chlorine serving as vertices. The three Mn 3ϩ are coupled antiferromagnetically to Mn 4ϩ , yielding a total spin of Sϭ(3ϫ2) Ϫ3/2ϭ9/2. The dimers are held together by six C-H•••Cl hydrogen bonds between the pyridine rings of one Mn 4 to the Cl ions of the other. The hydrogen bond distances are about 3.71 Å, which is typical for this type of bond. Additionally, the central bridging Cl ions for each Mn 4 cube are in close proximity to one another, separated by only about 3.858 Å. 13 In an effort to understand the lack of a step at zero field, Park et al. 15, 16 have reported on a detailed electronic structure calculation of this system, using the density-functional theory ͑DFT͒. In particular, they have predicted the vibrational energy levels, positions, and intensities of the IR and Raman peaks. Earlier, Pederson et al. 17 had suggested that some of the spin-vibron interactions might play a role in the mechanism of MQT in Mn 12 -acetate and related SMM's. They also predicted the positions of several such low-lying vibrational modes. Recent IR ͑Refs. 18 -21͒ and Raman [20] [21] [22] measurements have confirmed the mode predictions. 17 15 with the conclusions summarized in Sec. IV.
II. EXPERIMENT
Sample preparation: All manipulations were performed under anaerobic conditions using distilled solvents. All reagents were used as received. The complexes ͓Mn 3 O(O 2 CMe) 6 (py) 3 ͔(ClO 4 ) and ͓Mn 4 O 3 Cl 4 (O 2 CEt) 3 (py) 3 ͔ 2 , (͓Mn 4 ͔ 2 ), were prepared as described in Refs. 23 and 24, respectively.
Raman and IR measurements: Raman spectra were obtained using a JY Horiba LabRam HR800 microRaman spectrograph at room temperature. An 80 mW laser emitting at 785 nm was used as the excitation source. Care was taken to minimize laser damage to the sample as previously discussed. [20] [21] [22] A 50 X 0.10 NA ͑numerical aperture͒ objective with exposure times of 60 s averaged through ten scans was found to be sufficient for obtaining a reasonably strong spectrum. IR measurements were collected as KBr disks at room temperature on a Nicolet model 510 P spectrophotometer. Figure 2 shows a typical Raman spectrum of the SMM ͓Mn 4 ͔ 2 . Numerous strong peaks can be seen below 1600 cm Ϫ1 . Their positions ͑in centimeter inverse units͒ are collected in Table I . As discussed by Park et al. 15 most of the vibrational data can be analyzed roughly within the harmonic-oscillator approximation by using the monomer as a model, and replacing the CH 2 CH 3 group by H. There are a total of 3Nϭ3ϫ56ϭ168 degrees of freedom, six of which are translational and rotational modes. All the others were considered vibrationally stable. The observed Raman peaks can be broadly lumped into four groups, following the DFT results 15 as summarized below. 15 It is worth mentioning that the modes which are located at 1541, 1570, and 1570 cm Ϫ1 contain contributions from both the -O 2 CEt and pyridine components.
III. RESULTS
The peaks at 810, 1044, 1160, and 1399 cm Ϫ1 seen in Fig. 2 , but not predicted by theory, will be discussed later.
All of the Raman results are summarized in Table I .
B. Use of model compounds for mode assignment
Due to the complexity of the chemical structure of ͓Mn 4 ͔ 2 , group theoretical techniques were not attempted at this stage for mode assignment. Instead, we took the experimental approach of utilizing a set of model compounds in order to provide additional insight into the peak assignments ͑Fig. 3͒. We thus studied the Mn-O bond containing model compounds, MnO 2 From literature, the peak observed at 1044 cm Ϫ1 in the Raman spectrum is assigned to a vibration in O 2 CEt. 25 The modes occurring at 1160 and 1609 cm Ϫ1 are related to vibrations in the pyridine rings. 25 Raman studies of the related monomers, Mn 4 -Pr and Mn 4 -Ac, were compared to the spectrum of ͓Mn 4 ͔ 2 as seen in Fig. 4 . Although the ligand structure is different, the core structure remains identical to that of ͓Mn 4 ͔ 2 . Several of the peaks in the spectra of Mn 4 -Pr and Mn 4 -Ac are very similar in both position and magnitude to modes observed in ͓Mn 4 ͔ 2 . The small peak observed at 192 cm Ϫ1 , attributed to a Mn-Cl vibration, is evident in both Mn 4 -Pr and Mn 4 -Ac, at 194 and 191 cm Ϫ1 , respectively. Because the monomers only contain Mn-Cl in the core cubane, the vibration at 192 cm Ϫ1 in ͓Mn 4 ͔ 2 must be related to Mn-Cl vibrations in the cubane structure. Furthermore, the absence of a Mn-Cl peak at 274 cm Ϫ1 in the monomers, implies this mode in ͓Mn 4 ͔ 2 is related to vibrations in the three Mn-Cl bonds on the periphery of the cubane structure. The intense modes which appear at 1000 and 1029 cm Ϫ1 in Mn 4 -Pr and 1002 and 1027 cm Ϫ1 in Mn 4 -Ac are slightly shifted from analogous peaks seen at 1017 and 1044 cm Ϫ1 in ͓Mn 4 ͔ 2 . Although there are many similarities at low frequencies in the spectra of the monomers as compared to the spectrum of the dimer, there are also several striking differences at higher frequencies. This is due to the fact the core cubane vibrations occur at lower frequencies, while the ligand modes appear at a higher range. The most evident of these differences is the absence of the three intense peaks which are observed in the monomers at 1322, 1491, and 1598 cm Ϫ1 . These vibrations are attributed to the ligands on the monomers which are significantly different than those attached to the dimer. It should also be noted that in the frequency range studied, there do not appear to be any modes which are related specifically to any intermolecular coupling in ͓Mn 4 ͔ 2 . 
C. Infrared measurements
The IR spectrum of ͓Mn 4 ͔ 2 , which can be seen in Fig. 5 , contains numerous peaks. Similar to the Raman results, the observed modes are in very good agreement with those predicted by the DFT calculations. 15 A mode related to O 2Ϫ and Mn, which is calculated to appear at 543 cm Ϫ1 , is evident in the IR spectrum at 539 cm Ϫ1 . The peak that is predicted at 1563 cm Ϫ1 in the theoretical calculations occurs at 1565 cm Ϫ1 in the IR. This mode is assigned to vibrations in the O 2 CEt and the pyridine rings. 15 Peaks observed in the experimental spectrum at 694 and 1161 cm Ϫ1 , but not predicted by the DFT calculations, are related to pyridine ring vibrations. The mode which appears at 2941 cm Ϫ1 in the IR, and is predicted at 2942 cm Ϫ1 , 15 is attributed to symmetric C-H vibrations. 25 Additionally, the unpredicted peak at 2980 cm Ϫ1 is also attributed to an asymmetric C-H vibration. 25 The results of the IR experiments are compared to the Raman results and theoretical calculations in Table I .
It should be noted many of the modes in the IR spectrum also appear in the Raman data. Figure 6 shows a comparison of the spectra from the two techniques. For example, the peak observed at 647 cm Ϫ1 in the Raman spectrum is also present in the IR at 649 cm Ϫ1 . The sharp peak at 1609 cm
Ϫ1
in the Raman is observed in the IR at 1608 cm Ϫ1 , and is predicted by the theory at 1604 cm Ϫ1 .
D. General remarks on the mode assignments
Due to the large size of ͓Mn 4 ͔ 2 , there is a collective behavior of the vibrational modes, and thus a breakdown of the traditional selection rules for Raman and IR spectroscopy. We have therefore utilized the ''functional group'' approach for the mode assignment even though the vibrational modes in SMM's ͑especially the lowest-energy ones͒ are collective and involve the entire molecule. One significant advantage of the functional group analysis is that the vibrations can be easily visualized and are appropriate for describing the motion of ligands.
IV. CONCLUSIONS
Our goal was to identify the vibrational modes of the dimerized SMM ͓Mn 4 2 , and MnCl 2 and theoretical calculations, several of the previously unaccounted for vibrational modes of the SMM ͓Mn 4 ͔ 2 have been assigned. Modes of the monomer compounds Mn 4 -Pr and Mn 4 -Ac with similar core structures to the dimer have been compared to the spectrum of ͓Mn 4 ͔ 2 , and help to confirm the mode assignment. Further temperature and magnetic-field-dependent studies are currently in progress. The data provided here suggest the need for further refinement of the theoretical calculations and should elicit additional theoretical and experimental interest in the field of SMM's. They also provide the basis for studies of magnetic-field effects on these modes, as has been reported for Mn 12 -acetate.
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